The neutron's electric form factor contains vital information on nucleon structure, but its interpretation within many models has been obscured by relativistic effects. I demonstrate that, to leading order in the relativistic expansion of a constituent quark model, the Foldy term cancels exactly against a contribution to the Dirac form factor F 1 to leave intact the naive interpretation of G n E as arising from the neutron's rest frame charge distribution.
where q ν = p These form factors obviously contain vital information on the internal composition of the nucleons. Although it has proven elusive experimentally, the electric form factor of the neutron G n E is particularly fascinating in this respect. In pion-nucleon theory, G n E would arise from a π − cloud with convection currents producing the anomalous magnetic moments F p 2 = 1.79 ≡ µ p − 1 and F n 2 = −1.91 ≡ µ n . In contrast, in a valence quark model, the nucleon magnetic moments arise from the underlying charged spin- 1 2 constituents with the famous SU(6) relation
and with a scale set by
where
m N is a valence quark effective mass. Within this model it has been argued that in the SU(6) limit G n E (Q 2 ) would be identically zero, but that the spin-spin in a relativistic expansion, G D (Q 2 ) would simply be the Fourier transform of the square of the ground state spatial wavefunction.
Recent advances in experimental technique should lead to a clear measurement of the neutron's electric form factor G n E (Q 2 ) for Q 2 in the GeV 2 range in the next few years [6] . Its charge radius r 2 En is known from low energy neutron-electron elastic scattering to be −0.113 ± 0.005 fm 2 [7] , but the electron-neutron scattering measurements needed to determine G n E in the GeV 2 range (in order to roughly map out the neutron's electric structure with a resolution of 10% of the proton's size) have been plagued by the lack of a free neutron target [6] . Fortunately, the method of Arnold, Carlson, and Gross [8] , which uses spin observables sensitive to G n E −G n M interference, opens up new methods for measuring G n E , and recent advances in accelerator, target, and detector technology are beginning to exploit these new methods.
In anticipation of these measurements, there has been renewed discussion about their interpretation. I focus here on the belief that the measured r En is explained by the "Foldy term" [10] . I.e., using Eqs. (1) and (7),
where r 2 1n is the "charge radius" associated with F On this basis it has been argued that any "true" charge distribution effect must be very small. In this paper I will show that while the Foldy term closely resembles r While an accurate constituent quark model of nucleon structure must certainly be fully relativistic, the issue at hand can be resolved by using a relativistic expansion around the nonrelativistic limit. This is possible because the Foldy term r 2 F oldy,n arises at order Q 2 /m 2 and so its character may be exposed by an expansion of G n E to order 1/m 2 . I will also exploit symmetries of the problem available in certain limits which will make the discussion independent of the details of models.
I begin with a simple "toy model" in which a "toy neutron"ñS D is composed of a scalar antiquarkS of mass m S and charge −e D and a spin-
Dirac particle D of mass m D and charge e D bound by flavor and momentum independent forces into a rest frame nonrelativistic S-wave. The calculation begins by noting that, from their definitions,
and
It is immediately clear that the calculation of these form factors requires boosting the rest frame S-wave bound state to momenta ± Qẑ 2
. Doing so can introduce a host of 1/m 2 effects in the boosted counterpart of the S-wave state and it can also produce new P -wave-like components by Wigner-rotation of the D-quark spinors [9] . I will show that the latter effect is subleading, and will deal with the former effect by exploiting an effective chargeconjugation symmetry of the system for m D = m S ≡ m.
Since µñS D involves the limit of Eq. (13) as Q → 0, to the required order in 1/m it simply takes on its nonrelativistic value
where of course mñS D = m S + m D in this limit. The Foldy term is thus well-defined:
We next compute GñS
. To leading order in 1/m 2 , ρ em remains a one-body current, and the impulse approximation is valid. Within this approximation, we make use of the relation
and whereD is a fictitious scalar quark with the mass and charge of D. This expression is easily obtained by making a nonrelativistic expansion of both the D andD charge density matrix elements. However, we note that in this limit mñS D = 2m and so from Eq. (15) we have
i.e., in this model the "scalar charge distribution" is zero and the Foldy term would indeed account for the full charge radius ofñ. This conclusion is simply interpreted: the two scalar particlesS andD have perfectly overlapping and cancelling charge distributions, but the expansion of theD distribution by r 2 D,zwitter creates a slight excess ofD at large radii.
In terms of its experimental significance, we have concluded that in anSD model of the neutron, the observation of an equality of r 2 En and r 2 F oldy,n would indeed indicate the absence of an intrinsic "scalar" charge distribution.
We shall soon be drawing quite another conclusion for the situation in the constituent quark model. However, before leaving theSD model, it is useful to consider another limit:
the "hydrogenic limit" where m S → ∞. In this case (see Eq. (15)), r
where r While theSD toy model has some of the characteristics of diquark models for the nucleon (S has the quantum numbers and color of a scalar diquark), our main use for it was to introduce the basic elements of our discussion in a simple context. Indeed, it is now relatively trivial to extend our considerations to the realistic case of the valence quark model in which the neutron is in the leading approximation made of three mass m q spin-
quarks ddu bound by flavor and momentum independent forces into flavor-independent nonrelativistic relative S-waves. In this case
so that
In calculating r Eñ , in QCD both constituent masses and hadronic radii are determined by Λ QCD so they are expected to be of comparable magnitude.
III. CONCLUSIONS AND FINAL REMARKS
The principal conclusion of this paper is that, within the context of the valence quark model, the apparent contribution 3µ n /2m [15] For the proton i e i r 2 i = 3/4m 2 q , which is much larger than the Foldy term and, by contributing ≃ 0.27 fm 2 to r 2 Ep , brings the constituent quark model prediction for this quantity into better agreement with experiment [13] .
[16] In its early manifestations, the pion cloud model was posited to give rise to the nucleon form factors by pion vertex corrections analogous to the QED diagrams responsible for g−2.
See, e.g., [17] I have examined the Foldy term in a model of a nonrelativistic P D L = 1 bound state, where P is a pseudoscalar particle. In such a system (which represents the most naive version of a pπ − model for the neutron), ρ spin−f lip makes a contribution which exactly cancels r 2 D,zwitter ! Thus in the pseudo-charge-conjugation symmetry limit m P = m D ≡ m, r 2 
